M
OST of the breeding and genetic research on the protein and lysine content of wheat (Triticum aestivum L.) has been conducted on whole grain samples, However, variation among wheats for whole grain protein and lysine content can be due to variation in endosperm and bran protein and lysine concentrations as well as to variation in the proportion of seed that is bran (12). In this paper, the term endosperm refers to the starchy endosperm and the term bran refers to all other kernel components including the aleurone layer. Lysine can be expressed either as a percentage of sample or as a percentage of protein.
Lysine (percent of protein) is a measure of protein quality while lysine (percent of sample) is a function of both the protein and lysine (percent of protein) concentrations of a sample. Unless otherwise specified, the term lysine will refer to lysine (percent of protein).
Whole grain samples have been used in most wheat protein and lysine genetic studies because of the difficulty of uniformly and cleanly separating endosperm and bran. Uniform separation of endosperm and bran is required for protein and lysine analyses because the bran is higher in protein and lysine concentration than the endosperm (12, 13) and because there is a protein gradient within the endosperm with the outer part of the endosperm being higher in protein concentration than the interior of the kernel (2, 7).
A modified milling procedure has been developed that can be used to cleanly and uniformly separate endosperm and bran for protein and lysine analyses (13). We used this method on 129 wheats from the USD A World Wheat Collection and on four replications of six check cultivars grown in the same nursery at Yuma, Arizona, in 1973 (12) . Significant differences were detected among the wheats for grain, endosperm, and bran protein and lysine concentration. 'Nap Hal' and 'Atlas 66' were included as high-protein checks in this study. Atlas 66 has high grain protein content because of its high endosperm protein content. The high grain protein content of Nap Hal is due to both its high endosperm protein content and its very high bran protein content. Nap Hal also exhibits high grain lysine content because of its high bran protein content and because of the high lysine content of its endosperm. Bran proteins contain 50% more lysine than endosperm proteins (12). Grain protein and lysine concentrations of the parents and F2 progeny bulks in the F3 and F4 generations of the cross Nap Hal/Atlas 66 have been reported (3, 4). Transgressive segregation was reported for both low and high grain protein. Nap Hal/Atlas 66 progenies varied for grain lysine concentration but exhibited no transgressive segregation (3, 4). The purpose of this study was to determine the within-kernel sites for protein and lysine variation among progenies of the crosses Nap Hal/Atlas 66 and Nap Hal/'Super X'.
MATERIALS AND METHODS
Nap Hal, PI 176217, is a soft red spring wheat from an old Indian cultivar that was first identified as a high-protein wheat by Watson et al. (14) and as a high-lysine line by Johnson al. (5). Atlas 66, CI 12561, is a high-protein soft red winter wheat that has been used extensively in breeding programs as a high-protein parent (8). Super X is a short-statured red spring wheat with good agronomic traits but with neither high protein nor high lysine.
Heads were selected from Nap Hal/Atlas 66 F2 progeny bulks grown in the F~ and from Nap Hal/Super X F~ progeny bulks grown in the F3 at Yuma, Arizona, in 1972. Seeds from the selected heads were planted in an irrigated nursery at Yuma in the 1972-73 growing season in single 1.37 m head row plots spaced 51 cm apart. Seeds from a single head were used to plant a head row. Head or progeny rows from a progeny bulk were planted in the same set within a block. Parents and the check cultivar 'Centurk' were planted at the ends of each set of progeny rows within a nursery block. The nursery was fertilized with 112.1 kg/ha of N.
Head rows were selected for harvest on the basis of their desirable agronomic appearance and on the protein and lysin e concentration of their parent F2 progeny bulk row in the previous year. Whole grain protein and lysine contents were determined on 136 and 94 headrows of Nap Hal/Atlas 66 and Nap Hal/Super X, respectively.
Wheats that represented the range of grain protein and lysine values among the head rows from each cross were selected for endosperm and bran protein and lysine analyses. Ninetyfour rows were selected from the Nap Hal/Atlas 66 population, including three rows each of the parent and check cultivars. Eighteen rows were selected from the Nap Hal/Super X population including two rows each of the parent and check cultivars. 
Grain Endosperm
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Nap Hal/Atlas 66 Grain The modified milling procedure described by Vogel et al. (13) was used to uniformly separate bran and starchy endosperm. After milling, the starchy endosperm adhering to the mill bran was removed by a washing procedure, dried, and added to the mill flour to reconstitute the starchy endosperm. A 20 g sample of grain from each row was separated into endosperm and bran for protein and lysine analyses.
Macro-Kjeldahl procedure AACC Method 46-12 (1) was used to determine N content of the sample. Protein content was calculated as percent N X 5.7. Ion exchange chromatography was used to determine lysine content of the sample (6). Results of all protein and lysine analyses were expressed on a dry weight basis.
The progeny head rows were not replicated. The parent and cheek cultivars were analyzed using analyses of variance procedures assuming a completely randomized design to obtain an estimate of within-nursery environmental variation. Standard partial regression coefficients, which provide an indication of the relative importance of the independent variables, were calculated for the Nap Hal/Atlas 66 progeny using multiple regression analyses (9). The Nap Hal/Super X population was too small for multiple regression analyses. 
RESULTS AND DISCUSSION
The head rows of each cross were grown in separate areas within the head row nursery. The protein levels of Nap Hal and Centurk grain, endosperm, and bran samples were higher in the Nap Hal/Atlas 66 area (Table 1 ) than in the Nap Hal/Super X area (Table  2) . Nap Hal was 4 percentages points higher in grain and endosperm protein concentration than Centurk in both nurseries and 5.percentage points h.igher in bran protein concentration. Direct comparisons between Nap Hal/Atlas 66 and Nap Hal/Super X progeny rows should not be made because of mean protein differences between the two areas of the nursery.
The Atlas 66 rows had high endosperm protein concentration while Nap Hal had both high endosperm and high bran protein concentration (Table 1, Fig.  1 ). These results were similar to those reported previously (12). Transgressive segregation existed both for high and low endosperm protein concentration amon.g the Nap Hal/Atlas 66 progeny (Fig. 1) . Lowprotein progeny lines had endosperm protein percentages similar to Centurk which were 3 to 5 percentage points lower than the endosperm protein percentages of either parent. Endosperm protein percentages of the very high progeny lines were 2 to 4 percentage points higher than either parent. These differences greatly exceeded the variation among the replicated parental rows. None of the progeny rows with low endosperm protein had bran protein percentages as high as Nap Hal. All of the progeny rows with very high endosperm protein percentage were equal to Nap Hal in bran protein content. These results suggest that Nap Hal and Atlas 66 have different genes for high endosperm protein content whose effect is cumulative. The large range in endosperm protein concentration among the progeny rows indicated segregation of several genes. The results also suggest that Nap Hal has genes for high bran protein concentration.
Genes for high endosperm protein concentration may be required before the high bran protein concentration trait can be expressed.
The Nap Hal and Atlas 66 parent rows differed significantly for whole grain lysine concentrations but did not differ for endosperm lysine concentration (Table 1) even though in another 1973 Yuma nursery Nap Hal had significantly higher endosperm lysine content than Atlas 66 (12). In this study, the high grain lysine content of Nap Hal was associated with its high bran protein content. There was some variation among the progeny rows for endosperm and bran lysine content but it only slightly exceeded the variations among the replicated parental rows (Fig. 1) .
The correlations between grain, endosperm, and bran protein and lysine concentrations among the Nap Hal/Atlas 66 progeny rows (Table 3) were similar those reported previously for wheats from the USDA World Wheat Collection (12). The ~tandard partial regression coefficients from the multiple regression analysis indicated that endosperm protein content was of primary importance in determining grain protein content (Table 4) . Kernel weight did not affect CROP SCIENCE, VOL. 18, SEPTEMBER-OCTOBER 1978 grain protein content. Although the correlation of bran protein with grain lysine (% of protein) was not significant, the standard partial regression coefficients from the multiple regression analyses (Table 4) indicated that bran protein concentration had more effect on grain lysine (% of sample) than endosperm lysine (% of protein). Endosperm lysine (% of protein) had more effect on grain lysine (% of sample) than bran protein content on wheats from the USDA World Wheat Collection (12). This difference between the two sets of data can be attributed to the segregation for bran protein content among the Nap Hal/Atlas 66 progeny. Kernel weight did not affect grain lysine content.
Nap Hal had higher grain, endosperm, and bran protein percentages than Centurk or Super X (Table  2 ). Endosperm and bran protein percentages of Nap Hal/Super X progeny rows were generally within the E arental range (Fig. 2) . Some of the progeny rows ad endosperm protein percentages as large as those of Nap Hal but most were near the mid-parent level. These results suggested that some of the progeny rows inherited genes for high endosperm and bran protein content from Nap Hal. Some of these progeny rows also possessed the desirable agronomic characteristics of Super X. There was little variation among Nap Hal, Super X, and their progeny rows for endosperm or bran lysine concentration (Table 2, Fig. 2 ).
Among wheats of the USDA World Wheat Collection, lysine (% of protein) was negatively correlated with percent protein, i.e., as protein concentration increased lysine (% of protein) decreased (10, 11). The results of both the Nap Hal/Atlas 66 and the Nap Hal/Super X crosses indicated that endosperm protein content may be increased without causing a concomitant decrease in lysine (% of protein) since some highprotein progenies of both crosses had lysine values as high or higher than the low-protein progenies and low-protein cultivars, Centurk and Super X ( Fig. 1  and 2 ). Another indication of the feasibility of improving endosperm protein content without adversely affecting endosperm protein quality was the positive, but non-significant correlation between endosperm protein and endosperm lysine for the progeny of Nap Hal/Super X (Table 3) .
Variation for grain protein content among the progeny rows of both crosses was due to variation both for endosperm and bran protein content. Because of the high lysine content of bran proteins, variation in bran protein content also influenced grain lysine content. Endosperm lysine content, because of its limited variability, had less effect on grain lysine content than endosperm and bran protein content in the crosses evaluated.
